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The generalised standard additions method (GSAM), employing least-squares regression, provides a 
convenient method for obtaining the calibration matrix (K-matrix) in multi-element analysis. The GSAM is 
based on the response variations obtained after the addition of known incremental amounts of the interfering 
and test elements to the samples. As application of the GSAM requires a number of additions, automation is 
recommended for routine analytical work. Any automated procedure for implementing the GSAM should 
permit a high sampling rate and a low consumption of sample and standard solutions. A flow injection 
procedure fulfils these requirements. Using a single standard solution, different concentrations may be 
obtained by a zone sampling process which exploits the concentration gradients established along the 
dispersed pattern. 
The proposed procedure involves a flow injection system, with merging zones and zone sampling, coupled 
to an inductively coupled plasma atomic emission spectrometer and permits 120 measurements per hour and 
includes the manipulations required by the GSAM. 
The results obtained by the proposed method show good agreement with the certified values of the rock 
reference materials. The reproducibility of the K-matrix, evaluated by successive GSAM applications, was 
better than 99.5%. 
Keywords: Inductively coupled plasma atomic emission spectrometry calibration; interferences; flow 
injection; rock analysis; generalised standard additions method 
Inductively coupled plasma atomic emission spectrometry 
(ICP-AES) is a multi-component spectrometric technique 
which simultaneously or sequentially quantifies emission lines 
at several wavelengths. However, atomic emission spec- 
trometry is often hampered by spectral interferences. 1-3 The 
multi-component calibration matrix (K-matrix) is an array of 
sensitivity coefficients, corresponding to the analyte responses 
monitored at different wavelengths, that can be obtained from 
individual standard solutions. However , matrix effects are 
observed when real samples are analysed by ICP-AES.1-3 In 
order to avoid the tedious matching of sample and standards 
to obtain calibration equations, the generalised standard 
additions method (GSAM) may be used. It allows the 
construction of the multi-component calibration set over the 
sample by using least-squares regression for curve fitting.4 The 
K-matrix obtained by the GSAM is characteristic of a given set 
of experimental conditions and its coefficients represent the 
slopes of the graphs obtained after the additions, monitored at 
different wavelengths. The quality of the K-matrix depends 
mainly on the amounts added, the number and size of 
additions and the linearity of the sensor response. For each 
K-matrix there is a corresponding condition number which 
evaluates the multi-component spectral interference problem. 
In the absence of interferences, the K-matrix corresponds to a 
diagonal matrix and the condition number is equal to 1. In 
ICP-AES the condition number of the calibration matrix 
can be employed to optimise the over-all performance. For a 
given multi-component scheme5 the minimum condition 
number of the K-matrix represents the optimisation of the 
selectivity and accuracy. 
In order to achieve the optimum situation, a number of 
additions are required. The amount added should be accu- 
rately reproducible, thus a flow injection (FI) system can be 
employed.6 Such systems utilise the introduction of reprodu- 
cible sample volumes into a continuously flowing non-segmen- 
ted carrier stream, which transports the samples towards the 
nebuliser of the ICP. The transport phenomenon provokes a 
continuous dispersion process producing a sample zone with 
concentration gradients. The zone sampling approach7 allows 
the selection of regions with different mean concentrations. 
This gradient exploitation is useful for attaining the standard 
additions procedure in an automatic fashion.8 Only one 
standard solution is required per analyte. The proposed 
calibration procedure is useful for determining trace elements 
in rock samples. 
Experimental 
Apparatus 
A Jarrell-Ash Model 975 ICAP Atomcomp simultaneous 
spectrometer with an adjustable cross-flow nebuliser was 
employed. The flow injection system consisted of an Ismatec 
MP-13 peristaltic pump equipped with Tygon pumping tubes, 
an electronically operated commutator9 and polyethylene 
tubing (0.8 mm i.d.) for constructing the transmission lines 
and helical tubular reactors (winding diameter 2 cm). The 
commutator and the PDP-8 computer for the ICP were 
controlled by a microcomputer based on the INTEL 8085 
microprocessor. A FORTRAN IV program available from 
Infometrix (Seattle, W A ,  USA) was used for the GSAM 
calculations. Sub-routines were added to the original program 
to permit storage of the K-matrix for post experimental 
manipulations, which included using the same K-matrix for a 
set of similar samples, the updating of some values of the 
current K-matrix and the inclusion of an entirely new 
K-matrix. 
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Fig. 1. FI-ICP system for standard additions. A ,  Original standard 
solution; a, standard portion to be added; Z, dispersed zone; S, 
sample; CA, C, and Cs, carrier solutions; R ,  helical coiled reactor; X,  
confluence point; and W, waste 
Samples and Standards 
Certified reference material rock samples, BCR-1, BHVO-1 
(basalts) and RGM-1 (ryolite) were obtained from the US 
Geological Survey (USGS), and SARM-1 (granite), SARM-2 
(syenite), SARM-3 (lujavrite) and SARM-4 (norite) were 
obtained from the South African Bureau of Standards 
(SABS). The dissolution procedure was similar to that already 
described'": 200 mg of rock sample (100-200 mesh) were 
dissolved in a PTFE bomb with 1 ml of aqua regia (60°C) for 
20 min, with a further addition of 4 ml of concentrated 
hydrofluoric acid. The bombs were then closed and heated to 
150 "C for 50 min. After cooling, 1 ml of concentrated HC104 
was added and the open bombs were heated to 210°C until 
dry. The residue was then taken up in 20 ml of 0.5 M HC1. 
Stock solutions were prepared from spectrographically pure 
metals or oxides by dissolution in acids using conventional 
procedures. Working standard solutions were prepared by 
suitable dilution of the stocks (100,500 or 1000 mg 1-1) in 0.5 M 
HCl. Distilled, de-ionised water was used throughout. 
Flow Injection System 
The system shown in Fig. 1 was used to generate different 
standards from a single solution and to facilitate the standard 
additions. The arrows indicate the pumping sites. The 
standard solution (A) is injected into the carrier stream (C,) to 
flow through the coil (R) producing a dispersed zone (2). 
After a pre-determined time interval, an aliquot of the Z zone 
is injected simultaneously with the sample S into their 
corresponding carrier streams C, and Cs. The injected 
solutions are transported towards the ICP, after merging at 
the confluence point (X). 
The parameters of the system were as described in earlier 
work11 in order to obtain an approximate Gaussian profile for 
the dispersed zone. For selection of different standard 
concentrations from the dispersed zone an electronically 
operated commutator was required. 
The flow injection system shown in Fig. 2 allows a portion of 
the standard to be added by using zone sampling and its 
addition to the sample by means of merging zones. In Fig. 2, 
the commutator is at the sampling position and the standard is 
not consumed. A washing stream (C,) is pumped at a high 
flow-rate through the ICP, thus avoiding sampling overlap and 
memory effects. Similarly, when commutation proceeds, the 
sample is not consumed and the standard solution is directed 
to fill loop LA. 
R 
/ 
/ 
Fig. 2. The proposed FI-ICP system. The broken line represents the 
sliding part of the commutator. Ls, LA and L, and Cs, CA and C, are 
the loops and carrier streams of sample S, standard A and the 
addition; C, is an intermittent washing flow; X and Y are the 
confluence points; R ,  the helical reactor; C, the water container; and 
W, the waste. (See Table 1 for dimensions) 
Table 1. Details of the FI-ICP system 
Aspiration rates 
Flow-rates . . 
Volumes . . . . 
Sample 
Standard 
Sample carrier 
Addition 
carrier 
Standard 
carrier 
Intermittent 
washing flow 
Sample loop 
Addition loop 
Standard loop 
Reactor coil 
Transmission 
lines 
CS 
C;, 
CA 
c, 
LS 
L'i 
LA 
R 
Ls-x 
La-x 
x-Y 
Y-nebuliser 
3.9 ml min 1 
2.9 ml rnin- 1 
1.2 ml min- 1 
0.32 rnl min-1 
2.9 ml min 1 
4.5 ml rnin 1 
500 pl 
200 ul 
200 p1 
625 pl 
45 1.11 
12 ul 
1s vl 
12s PI 
For an ideal FI-ICP coupling, it was necessary to adjust the 
delay between the introduction of the sample into the system 
and the beginning of signal integration. The injected sample 
volume and the analytical path must ensure that the disperse 
zone has a mean peak width appropriate for obtaining the 
maximum signal during the integration time of 4 s, without 
compromising the analytical frequency. The flow-rate of the 
liquid reaching the nebuliser was slightly higher than the 
recommended12 pneumatic aspiration rate under normal 
operating conditions. The ratio between the flow-rates of the 
carrier solutions was defined by considering a minimum 
dilution of the sample and an effective confluence system.13 
After establishing the system parameters (see Table 1) the 
re-samplkg time intervals for suitable standard additions were 
determined experimentally according to a previously de- 
scribed procedure.8 
K-matrix Calculation by GSAM 
The multi-component analysis model considers the responses 
in each sensor R, as a linear combination of the concentrations 
of the elements in the sample Cl, multiplied by the sensitivity 
coefficient k ,  of the jth element in the ith sensor, so that 
n 
R i = Z k i i C i + e i  j =  1 . .  . .  * * (1) 
where ei corresponds to the mean noise in the sensor i and j 
varies from 1 to n elements. The kjj  values indicate the slopes 
of the calibration graphs. The kii values correspond to the 
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Table 2. K-matrix obtained from single standard solutions. The horizontal order of the wavelengths corresponds to the vertical order of 
the elements 
Element and wavelengthinm 
Element 
Ca . . . _  
Mg . . . .  
A l . .  . .  . _  
F e . .  . _  . .  
T i . .  . .  . .  
A5 . .  
c o  . .  
C r . .  . .  . .  
cu 
Mo 
Nb 
Ni . 
Mn 
Zr . 
Zn 
v .  
Cd 
Sr . 
P .  
Ca 
Mg 
A1 
Fe 
Ti 
As 
C O  
Cr 
c u  
Mo 
Nb 
Ni 
Mn 
Zr 
Zn 
V 
Cd 
Sr 
P 
Ca 
317.9 
9 . 2 8 ~  10-1 
5 . 3 8 ~  
3.97x In-. 
3 . 7 8 ~ 1 0  
8.80xlO-4 
2.18x10-4 
1 . 5 6 ~  10-4 
6 . 1 3 ~ 1 0  
. , . . -3.63X10 
. . . . 7 . 0 5 ~ 1 0 - ~  
. , . . 1.74x10-’ 
. . . . -2.32X10--‘ 
. . . . 3 . 8 4 ~ 1 0 - ~  
. . . . 9.08x10-3 
. , , . -3.45X10-4 
. . . . 2 . 9 5 ~ 1 0 - ~  
. . . . -1.99x10- 
. . . . - 3 . 5 1 ~ 1 0 - ~  
. . . , -4.86x10-i 
Mi2 
279.07 
1.65 x 10- 
2 . 8 6 ~ 1 0  - 1  
8.73 x 10 
4.12x10-4 
1.38x 10- 
- 1.40 x 10 --1 
6.40x lo-” 
7 . 2 4 ~  
- 3 . 0 9 ~  lo- ‘  
1.2ox 10- 
6.84X 10-3 
-2.65X lo-‘ 
3.31 x 
4 . 4 1 ~  10 - 4  
-2.82x 10-4 
4 . 8 0 ~ 1 0  
- I  .47x 1 0 - 4  
-3.03x 10-4 
-3.51 X lo- ’  
A1 
308.21 
4.12x10-i 
3.73x10-’ 
2.70x 10-1 
1.31 x 10-4 
1 . 2 7 ~ 1 0 - 2  
- 1. 17 X lo-‘ 
4 . 3 3 ~  10-4 
-1.37X10-’ 
-1.00x10 
3.22x 10-3 
1.58x 10- 
-1.18x10--J 
5 . 3 9 ~ 1 0  
1 . 3 4 ~  10-4 
-2.18x10 
9.03x 1 0 - 3  
- 1.07X 10-4 
-2.15X 10 - J  
1 . 1 3 ~ 1 0  ’
Fe 
259.9 
2 49x lo-’ 
1 0 7 x 1 0  4 
3 78x10 ‘ 
9 . 0 7 ~  10 1 
2 02x10-3 
- 4 0 3 x 1 0  
- 5 5 9 x 1 0  
3 51x10-4 
-2 0 3 x  1 0 - 4  
9 8 2 x  10-J 
1 68X10-? 
1 9 4 x 1 0  
2 OhxlO-’ 
3 24x10-4 
-2.05x 1 0 - 4  
2 95X lo - ’  
- I  36x10 4 
-1 05x10-4 
- 1 .33 x 1 0-J 
Ti 
334.9 
1 6 2 x 1 0  ’ 
12Ox10-6 
3 8 5 x  lo-’ 
2 49x 10-6  
4 60x10 1 
- 1  17X10-’ 
1 53x10-’ 
2 21 x 1 0 - 4  
I 13x10-5 
3 29x10 
183x10-1  
-9.40x 10-6 
1 2 I X l P  
2 96X 10k4 
3 97x  lo-’ 
1 2 4 x 1 0  
-9 38x10-6 
-1 53x10-5 
-2  9 6 x 1 0 ~ 6  
Element and wavelengthinm 
As 
193.6 
2.97x10-6 
1 . 7 8 ~  1W-i 
1.54x 1 0 - 3  
1.13X10-J 
1.54x 1 0 - h  
1.33x 10-1 
1.69X10-4 
1 . 9 6 ~ 1 0  4 
-3.32X10 5 
4.60x 1 0 - 4  
2.34X10--’ 
6 . 2 5 ~  10-5 
1.31 x 10 -4 
6.94X10 5 
-2.00x10 
1.66 x 10- 
1 . 7 7 ~  
3 . 7 4 ~  10 ‘l 
-4.88X10 ’ 
co 
228.6 
1.06X lo-’ 
1.52x 10-5 
2.01 x lo-< 
l . 5 8 x 1 0  
3.33x lo - ’  
1.39 
5.82x 1 0 F  
-9.02X10-’ 
1 . 3 0 ~ 1 0 - ~  
6.41 x 10- 
1.09x10 
5.87x lo--‘ 
-4.78X10 5 
- 1 . 2 ? x l O - ~  
-8.28X lo-’ 
3 . 4 2 ~ 1 0  - 3  
- 1.48X 1 0 - 4  
-2.74x 1 0 - h  
2 . 3 9 ~  10-3 
Cr 
267.7 
1 3 6 ~ 1 0 - ~  
5 4 3 x 1 0  
7 97x10 6 
2 10x10-J 
1 h l x  10-4 
-1 57x10 ‘ 
4 0 5 x 1 0  
2 78X10-1 
9 96x10-‘ 
6 8 8 x  10-4 
1 4 8 x 1 0  3 
-3 87x10 ‘ 
9 92x10 
8 00x  1 0 - 4  
-4 33X1W5 
2 3 1 x 1 0  
1 4 0 ~ 1 0 - ’  
5 62x10 
9 32x10 6 
cu 
324.7 
2 53x I l l -6  
1.33x10 
1.53X10 
1 52x10-’ 
3 24x 10 
-4.15X10 
3 05x10 ’ 
-1 61x10 
3 05x  10 I 
1 9 6 x 1 0  
3 29x10 ‘ 
6 7 5 x l f )  
5 68x10 ‘ 
-2 97x10 ’ 
4 53x10 
-5 80x10 
1 91x10 
-2 91 X 10 ” 
- I  42X10-‘ 
Mo 
202.0 
. . . , 6 . 3 3 ~ 1 0 - ”  
. . . , 7.33x10-’ 
. . . , 6 . 3 4 ~ 1 0 - 4  
. . , , 2.O2xlO-J 
. . . . -1.30X10-’ 
. . . . -4.33X10-’ 
. . . . 3 . 6 3 ~ 1 0 - 4  
. . . . 1.28xlO-‘ 
. . . , -7.97X10-h 
, . . , 1.34 
. . . . 9.04x10-4 
. . . , -2.94X10-5 
. . . . 1 . 8 0 ~ 1 0 - 4  
. . . . 1 . 8 9 ~ 1 0 - 3  
. . . . 4 . 6 9 ~ 1 0  - 5  
. . . . 3.39X10-4 
. . , . -1.09x10-4 
. . . . ?.13x10- ’  
. . . . -4.74X10-5 
Nb 
295 .O 
5.30x 10-6 
8.30X 10-6 
5 . 7 3 ~  10- ’ 
1 . 4 3 ~ 1 0 - ~  
7.78 X 10 -! 
-2.64X IO-’ 
-2.22 x lo-’ 
1.13x10 i 
-5.60X10 5 
6 . 5 5 ~ 1 0  5
1 . 3 0 ~  10-1 
2 . 6 2 ~  10-2 
1.62x 
-5.35x lo-’ 
9.24x 10 
-2.59X10 5 
-5.21 x 10-5 
-7.46X 10--f> 
-3.80X10-‘ 
Ni 
231.6 
1 . 7 4 ~  10-6 
1 .39~10-5  
3.00x 10-6 
4.49x 1 0 - 5  
- 1 .00 x 10-5 
- 1.16X 10-5 
8.02x 10-4 
6.73x 10-5 
-6.46X 10-6 
2.13x 1 0 - 5  
4.24x 10-5 
3 . 7 8 ~  10 1 
5.82x10 
-8.97X10--6 
3 . 6 9 ~  10--4 
1.43x 10-4 
1 . 5 8 ~  10-4 
- -2 .? lx lO- ’  
-3.59x 10-6 
Mn 
257.6 
3,12X10-’ 
h.98X 1 0 - 5  
2.22x 10-3 
2.22x 10-3 
9 . 5 1 ~ 1 0  4
-2.72X10 ’ 
7.13 x 1 O F 4  
3 . 3 8 ~  
-9.3YX10 ’ 
4.59 X 10 -I 
1.27x10 
-8.52X lo-’ 
6.02 
3 . 0 3 X  1 0 - 3  
-8.68X 10-5 
6.43X lo--‘ 
-5.34x10 
- 1 .OhX 10- 
6.42X 1 0 - 4  
Zr 
339.1 
6 . 9 9 ~  10-6 
1.18X10 
4.91 X 10 -’ 
5.08x 
3.34x lo- ’  
-5.89X lo - ’  
4.19X10-5 
3 . 5 7 ~ 1 0  -1 
-1.11 x 1 0 - 4  
5.71 x 10kJ 
3.80X 10-4 
1 . 8 5 ~  10- 3 
7.12x 10 I 
3.73X10--’ 
9.21 x 10-? 
-5.40x10-’ 
- 9.09 X 10- 5 
-8.69X10-4 
-7.03X10 
Zn 
213.8 
5.08x10- i  
1.07 x 1 0 - 4  
7 . 6 3 ~ 1 0  
1 . 6 5 ~ 1 0  
2. lox  10- 
1. lox lo-’ 
1.01 x I 0 - 4  
4 . 3 5 ~ 1 0 - ~  
4 86x10 2 
9 . 1 8 ~  
5.61 x 10- 
4.81 x lo-’ 
5 . 1 5 ~  10-4 
6 . 1 8 ~  10-4 
15.2 
2 . 1 7 ~ 1 0  
2.15 x lo-‘ 
4.59x 10-4 
7.99 x 10 
V 
292.46 
3 . 9 8 ~  lo-’ 
1 . 4 6 ~  lo-‘ 
5 . 2 9 ~ 1 0 - ‘ ~  
1.2xx 
4.1ox 1 0 - 3  
- 1.87 X 10 
-0.30x 10-5 
3.18x10-3 
- 3 . 2 4 ~  10k4 
1 .oxx 10-1 
9.1 1 x 10-2 
- 3 . 4 3 ~ 1 0  4 
2 . 3 6 ~  lo-’ 
4 . 9 1 ~ 1 0 - 3  
-3.9xx10-4 
7.35xlO--I  
-5.51x10 
-3.52x 10 
-4.55x10 
Cd 
228.8 
1.86X10 c1 
7.49x10-4 
4.1 9 x  1 0 - 6  
4.57x 10-6 
5 . 9 8 ~ 1 0  
8.89x 1U-4 
- 1.66X lo-’ 
4.2EX lo-< 
3 3 5 x 1 0  
4 3 8 x 1 0  ’ 
I .67 x 1 0k4 
2.85x lo-’ 
1.34x 1 0 - 5  
-2.47X10-’ 
5.38x 10- 5 
9.03x10 ’ 
- 2.25 X 1 O-‘ 
7.63x10-h 
- 1 . 4 0 ~ 1 0  
Sr 
421.5 
4 08x10 
3 06x10-‘ 
3 24x10 * 
2 2 2 x  10 
6 48x  10 
3 77x10 
1 1 4 ~ 1 0 - ~  
4 0 3 x  10P 
7 99x10 
4 96X lo-’ 
5 42x 10-cl 
3 57x10 
7 94x10 
1 5 4 x 1 0  
2 46x 10 (3 
6 16x10 
9 94x10-‘ 
1 3 4  
4 2 4 x 1 0  
P 
214.9 
3 86x10 ’ 
9 15x10 ’ 
8 04x10 
4 02x10 .I 
-2 22x l o - .  
-1 06x10 ‘ 
6.07x 10 ’ 
6 08x10 
5 70x10 
I 36x10 
2 21x10 
-5 19x10 ’ 
2 O l X l f )  
1 08x10 
5 05x10 J 
2 16x10 
1 87x10 
4 67x10 ‘ 
3 hlx lO I 
sensitivity coefficients of the element for its principal sensor. 
For i # j the k ,  values expressed as O/ok,i serve as a 
quantification of the interferences. 
Considering a set of sensors, the system of linear equations 
expressed in matrix form is 
R = KC . . . . . . . . (2) 
The calculation of the K-matrix using GSA;ivl is based on the 
Q-matrix formed by the subtraction of the initial responses 
(before the beginning of the addition process) from the 
responses obtained after each incremental addition, and on 
the N-matrix corresponding to the amounts added. Equation 
(2) becomes 
Q = N K . .  . .  . .  . . ( 3 )  
The multiple linear least-squares solution for K-matrix is 
calculated using the generalised inverse of N-matrix as 
follows: 
K =  (N“)-1 N f Q  . . . (4) 
The error propagation in determining the K-matrix is 
related to the experimental design of the addition matrix.14 
This is the main problem in the determination of trace 
elements when analysing rock sample solutions. The concen- 
trations of the trace elements may be overestimated due to 
interferences. For processing the GSAM, the addition of the 
major components are in the 100-200 mg 1 - 1  range, while 
those of the trace elements are within 1-10 mg I - ] .  For the 
major elements the sensitivity coefficients are measured 
precisely, while for the trace elements they are often 
considered to be negligible. The proposed approach utilises a 
variant procedure for GSAM called the partition GSAM or 
PGSAM. 14 The responses are measured before and after 
standard additions of only one standard per partition. 
Procedure 
In order to select suitable amounts of solution to be added 
from a single standard solution (A), a scan from 10 to 30 s with 
1-s increments was carried out. Time intervals between 12 and 
20 s with increments of 2 s were chosen to process standard 
additions equivalent to 8.56,6.46,4.9.5,2.35 and 0.00% of the 
initial (A) concentration. Thus, the multi-calibration matrix 
was obtained by processing pure standard solutions, using 
identical concentrations. In this situation, the minimum 
condition of K-matrix indicating the best operational scheme 
using 19 elements and the same number of sensors, should be 
attained. For this purpose. the concentrated standard solu- 
tions were injected via the loop LA and a 0.5 M HCI solution 
via the loop Ls. All the programmed standard additions are 
included in the N-matrix necessary to calculate the K-matrix. 
The multi-component calibration carried out on a rock 
sample solution requires the determination of the responses 
before (Q,,) and after (Q , j  each standard addition. A 
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Table 3. K-matrix expressed in concentration ratios 
Element and wavelengthhm 
Ca Mg A1 Fe Ti As c o  Cr c u  
Element 317.90 279.07 308.21 259.90 334.90 193.60 228.60 267.70 324.70 
Ca 
A1 . 
Fe . 
Ti . 
AS 
co 
Cr . 
c u  
MO 
Nb 
Ni . 
Mn 
Zr . 
Zn 
v .  
Cd 
Sr . 
P .  
Mg 
Ca 
A1 
Fe 
Ti 
AS 
co 
Cr 
Cu 
MO 
Nb 
Ni 
Mn 
Zr 
Zn 
V 
Cd 
Sr 
P 
Mg 
. .  . .  
. .  . .  
. .  . .  
. .  . .  
I .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
. .  . .  
1 .OO 
5.80x 10-4 
4.28x lo-’ 
4 . 0 8 ~ 1 0 - ~  
9 . 4 8 ~ 1 0 - ~  
- 2 . 3 5 ~  10-4 
6 . 6 0 ~  10-3 
- 1.68 X 10-‘ 
-3.91X10-4 
7.59x 10-4 
1 . 8 7 ~  10-2 
-2.50X lo-“  
4 . 1 4 ~  
9 . 7 8 ~  10-3 
-3.71X10V 
3.18x10-3 
- 2 . 1 5 ~ 1 0 - ~  
-3.78X10-4 
- 5.24 X 10-5 
5.78~10-4 
1.00 
1.44~10-3 
3 . 0 5 ~  10-5 
4 . 8 4 ~  10-4 
2 . 5 3 ~  10-3 
- imx10- -3  
-4.88 X 10-4 
2 . 2 3 ~  10-5 
4.21 x 10-3 
2.39~10-2 
-9.27 X 10-4 
1.16xlO-2 
-9.84X10-4 
1.54~10-3 
1 . 6 8 ~  10-3 
-5.13 X 10-4 
- 1.06 X 10-3 
- 1.23 X 10-4 
1.52X10-4 
1.38X10-4 
1 .00 
4 . 8 4 ~  10-4 
4 . 7 0 ~  10-2 
-4.33x 10-4 
1 . 6 0 ~  10-3 
- 5 . 0 7 ~  10-5 
-7.41~10-4 
1.12x 10-2 
-4.37x 10-4 
5 . 8 4 ~  10-3 
2 . 0 0 ~  10-3 
5 . 3 3 ~  10-4 
-3.97~10-4 
-8.07~10-4 
3.34x10-2 
-7.95 X 1 0-4 
5 . 2 9 ~  10-5 
2.74~10- ’  
1.18x 10-4 
4 . 1 7 ~  10-5 
1 .OO 
2 . 2 3 ~  lo-’ 
-4.44X10-’ 
-6.17X lo-’ 
3.87X10-4 
-2.23X10-‘ 
1.08X 10-3 
1.85X10-3 
2 . 2 7 ~  10-2 
3.57 x 10-4 
3 . 2 5 ~  
2.14~10-4 
-2.26X 10-4 
-1.sox10-4 
-1.16~10-4 
- 1.47 X 10-4 
3 . 5 2 ~  lo-< 
2 . 6 0 ~  10-6 
1.06~10-6 
5 .42~10-6  
1 .OO 
-2.55X10p5 
3 . 3 2 ~  10-5 
4.79x 10-4 
2 . 4 7 ~  10-5 
9 . 3 2 ~  lo - ’  
3.97x 10-3 
-2.05X10-’ 
2 . 6 2 ~  lo-’ 
6 . 4 3 ~  10-4 
2 . 7 0 ~  10-5 
8 . 6 2 ~  10-7 
- 2.04 X 10-5 
-3.33 X 10-5 
-6.43~10-6 
Element and wavelengthhn 
2 . 2 3 ~  
1.43~10-4 
1 . 1 6 ~  10-2 
8.48~10-4 
1 . 1 6 ~ 1 0 - ~  
1 .OO 
1.27~10-’ 
1 . 4 7 ~ 1 0 - ~  
3 . 4 6 ~  lo-? 
- 2 . 5 0 ~  10-4 
1 . 7 6 ~  10-3 
4 . 7 0 ~  10-4 
5 . 2 2 ~  10-4 
9 . 8 3 ~  10-4 
-1.50X10-4 
1 . 2 5 ~  10-2 
1 . 3 3 ~ 1 0 - ~  
2.81 x 
-3.67X10-4 
7.63x 10-6 
1 . 0 9 ~  lo-’ 
1 . 4 4 ~ 1 0 - ~  
1 . 1 3 ~  10-4 
1.71~10-3 
2 . 3 9 ~  lo-’ 
1 .00 
4 . m  
-6.48x10-5 
9 . 3 2 ~  10-4 
4 . 6 0 ~ 1 0  4 
7 . 8 0 ~ 1 0 - ~  
4 . 2 2 ~  lo-’  
-3.43x10-5 
-8.75 X 1 0-’ 
-5.94x 10-5 
- 1.06x 10-4 
-1 .97x1kh  
2 . 4 6 ~  10-3 
4 . 8 8 ~  10-5 
1.95x 10-3 
2 . 8 7 ~  10-5 
7 . 5 6 ~  10-4 
5 .80~10-4  
-5.65xl0-5 
1.46 X 10-4 
1 .00 
333x10-4 
2 . 4 8 ~  10- 3 
5 . 3 4 ~  10 -3  
3.57x 10-3 
- 1 S 6 X  10-4 
8 .31~10-3  
5.03x 10-5 
-2.02x10-5 
3.35~10-5 
-1.40x10- 
2 . 8 8 ~  10-3 
8 . 2 7 ~  10-6 
4.34x 10-6 
5 . 0 2 ~  10-6 
5.00x10-5 
1 . 0 6 ~  10-2 
-1.36X10-6 
1.07 x 10-4 
1.00 
6.44x 10-4 
1.08x10-’ 
-4.67X10 5 
-5.28~10-4 
2.21 x 10-4 
-9.74~10-5 
1.86X 10-4 
1.48X10-4 
-1.90X10-5 
6 . 2 6 ~  10-4 
-9.53 x 10-6 
. 
Mo 
202.00 
. , . . 4.70~10-6 
, . . . 5.46~10-5 
, , . I 4.71x10-4 
. . . . 1 . 5 0 x l 0 - ~  
. . . . -9.71X10-‘ 
. , . . -3.22x10-5 
. , . . 2 . 7 0 ~ 1 0 - ~  
. . . . 9 .52~10-5 
. . . . -5.93X10-6 
. . . . 1.00 
. . . . 6.73x1W4 
. . . . -2 .19~10- ’  
. . . . 1 . 3 4 ~ 1 0 - ~  
, , . . -3.52X10-5 
. . . . 1.41x10-’ 
. . . . 3 . 4 9 ~ 1 0 - - ~  
. . . . 3 . 2 6 ~ 1 0 - ~  
. . . . 2.33x1W5 
. . . . -8.09XlO-’ 
~ ~- 
Nb 
295.00 
4.07 x 10-5 
4.41 x ~ O - ~  
6.31 x 10-5 
1 . 1 0 ~  1 0 - 3  
5 . 9 8 ~  10-4 
- 2 . 0 2 ~  10-4 
8 . 7 1 ~  10-4 
1.71 x 10 -4  
-4.31X10 
5.04x 10-4 
1 .00 
-2.92X10-4 
2.01x 10-1 
1 . 2 5 ~ 1 0 - ~  
-4.1 1 X 10-j 
7.1 1x10-* 
- 1.99 X 
-5.73x 10-5 
- 4 . 0 0 ~  10-4 
Ni 
231.60 
4.61X 10-6 
3.68X 10-5 
7.9.5x 10-6 
1 . 1 9 ~  
-2.87X 10-5 
-3.07X 
2.12~10-3 
1.78X 
- 1.71 X 10-5 
5.62~10-5 
1.12x 10-4 
1.00 
1 . 5 4 ~  
-2.37X10-5 
9.74x 10-4 
3.77x10-3 
-6.12 X 10-5 
-9.48XlO-6 
4.19~10-4 
Mn 
257.60 
5.18x 10-6 
1 . 1 6 ~  10-5 
3 . 6 9 ~  
3.69~10-4 
1 . 5 8 ~ 1 0 - ~  
-4.52X10-6 
1.18x 10-4 
5.62x10-’ 
-1.56X10-5 
7.61 x 10-5 
2.11x 10-4 
-1.41 x lo-’ 
1.00 
5 . 0 5 ~ 1 0 - ~  
- 1.44 X lo-’ 
-836x10-6 
-1.76X1P5 
1.07~10-4 
1 . 0 7 ~  10-4 
Zr 
339.10 
9.82X 
l .66x 
7 . 1 3 ~  10-5 
4 . 6 9 ~  
6 . 9 0 ~  10-7 
-8.27X 10-5 
5 . 8 9 ~  10-5 
5.01 x 10-4 
-1.56X1(F4 
8 . 0 2 ~  
5.33x10-4 
2 . 5 9 ~  10- 3 
1 .00 
5.23~10-5 
1 . 2 9 ~ 1 0 - ~  
-7.58X10-’ 
-1.28X 10-4 
-1.22x10-5 
-9.88X 
Zn 
213.80 
3 . 3 5 ~  10-6 
7 . 0 9 ~  
5 . 0 4 ~ 1 0 - ~  
1.08x 10-4 
1 . 3 9 ~ 1 0  
7 . 2 4 ~ 1 0 - ~  
6.69xlOP 
2 . 8 7 ~  
3 . 2 1 ~  
3.71 x 
3 . 1 8 ~  
3.40X 
4 . 0 8 ~  
1.44 x 10- 
1.42 x 10-4 
3.03 x 10- 
5 . 2 7 ~  
6 . 0 6 ~  10-5 
1 .OO 
V 
292.46 
5.42X10-5 
1.98X10 
7.20X 
1.75x 10-3 
.5.58x10-3 
-2.55~10-4 
-1.27X 10-4 
4.32X10 3 
1.47X 10-1 
1.24~10-1 
3 . 2 0 ~  lo-’ 
6.68~10-3 
1 .00 
-4.41 X lo - “  
-4.66X10-4 
-5.41X10-“ 
-7.50x10-5 
-4.79X10-4 
-6.19X10-’ 
Cd 
228.80 
2 . 0 6 ~  10-6 
8 . 3 0 ~  
4.65 x 10-6 
5.07~10- ‘  
6 . 6 3 ~  lo- ’  
9.84x10V 
4 . 7 4 ~ 1 0 ~ ~  
4 . 2 6 ~  
5.41 X 10k5 
1 . 8 5 ~  10k4 
3.16X 10-5 
1 . 4 8 ~ 1 0 - ~  
-2.73X1F5 
5.95x 10-5 
1 .OO 
-2.50X10-5 
8 . 4 5 ~  10-6 
-1.55X10-6 
-1.84X10-’ 
Sr 
421 .50 
3.04x 10-4 
2.28X 10-6 
2.41 X 10-8 
1 . 6 5 ~ 1 0 - ~  
4 . 8 3 ~  10-6 
2.80X 10-4 
8.44x10-5 
3 .00~10-6  
5.95~10-5 
3 . 6 9 ~  lo- ’  
4 . 0 3 ~  10 6 
2 . 6 6 ~  10 6 
5 . 9 1 ~  10-6 
1 . 1 5 ~  
1.83~10-6 
4.58~10-6 
7.40xlO-5 
3 . 1 6 ~  10-6 
1.00 
P 
214.90 
1.48X 10-4 
3.51 X 
3 . 0 8 ~  10-3 
1 . 5 4 ~  10-3 
-8.52X 10-5 
-4.06X 10-‘ 
2 . 3 3 ~  10-4 
2 . 3 3 ~  10-5 
5.22~10-3 
2 . 1 8 ~  10-2 
8 . 4 6 ~  10-3 
7.71 x 10-4 
4 . 1 2 ~  
1 . 9 4 ~  10-3 
7.17~10-3 
1 . 7 9 ~  10-q 
1.00 
- 1.99 X 1 0 - 3  
8 . 2 7 ~  10-4 
complete set of control data are introduced into the microcom- 
puter containing information related to the time interval 
elapsed between commutations and the sequential incre- 
ments. The cycle begins at S as shown in Fig. 2, entering Ls. 
After commutation the sample is intercalated into its carrier 
stream simultaneously with 0.5 M HC1, so that the vector of the 
initial sample responses (Qo) is obtained. Meantime, the 
standard solution A is filling LA. For a sequence of two 
commutations one standard addition occurs, the amounts to 
be added being controlled by the commutation time. Replac- 
ing the standard solution A and re-starting the control data set 
in the program, another element is added. This procedure is 
repeated until all the additions of all elements are completed. 
This procedure, using three standard addition levels was 
applied to certified rock samples. 
Results and Discussion 
The calibration matrix obtained with single standard solutions 
and monitored at fixed wavelengths, is presented in Table 2. 
This K-matrix was determined after adjustment of the 
operational conditions in order to minimise the inter-element 
effects, the minimum condition number being 1.2 x 104 for 19 
elements in 19 sensors. Each row of the K-matrix corresponds 
to the results obtained with only one element being detected at 
19 different wavelengths. Each result corresponds to the slope 
of the added concentrations versus intensity signal graph. A 
complete set of measurements after each addition takes about 
30 s. 
The performance of the instrument can be evaluated from 
the K-matrix, the higher the degree of orthogonality the better 
the instrument.5 The diagonal values indicate the best 
sensitivity for each element, the most sensitive sensors being 
those of Zn  (213.8 nm), Mn (257.6 nm), Co (228.6 nm), Mo 
(202.0 nm) and Sr (421.5 nm). Also, this information is useful 
in the definition of the concentrations to be added. The sensor 
used for Sr was the least affectrd by interferences. No 
explanation was attempted for the negative values. 
In order to quantify the interferences in each sensor the 
column elements k ,  were divided by the corresponding k,, 
producing the results presented in Table 3. 
It can be noted that the principal interferent element is Nb: 
1 g 1-1 of this element provokes a signal equivalent to 18.7 
mg 1-1 of Ca, 23.9 mgl-1 of Mg, 5.84 mg 1-1 of Al, 1.85 mg 1-1 
of Fe, 3.97 mg 1-1 of Ti, 5.33 mg 1-1 of Co, 10.82 mg 1-1 of Cu, 
124 mg 1-1 of V and 8.46 mg 1-1 of P. The most interfered with 
sensor was that at 292.46 nm by Mo and Nb (Table 2). 
The standard error in estimating K-matrix by processing 
pure solutions increases when the GSAM is carried out on a 
rock sample due to the large range of concentrations involved. 
Obviously, the major elements constitute the principal inter- 
fering species. Distortions in results were observed due to 
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Table 4. Results obtained by processing rock reference materials. (The GSAM method is useful for both direct line or any other type of 
long-term drift. As the calibration and the determination are carried out simultaneously, the working conditions are considered preserved, 
maintaining the validity of the K-matrix) 
Concentration, Yo Concentratiodyg g- * 
Sample CaO MgO 
SARM-1Found* . . . . 0.77 0.06 
RSDf . . . . 0.5 1.5 
Corrected . . 0.77 0.06 
Certified . . . . 0.78 0.06 
SARM-2Found* . . . . 0.72 0.43 
RSDf . . . . 0.4 1.0 
Corrected . . 0.72 0.43 
Certified . . . . 0.68 0.46 
SARM-3Found* . . . . 3.28 0.27 
RSD'i . . . . 0.5 1.7 
Corrected . . 3.28 0.27 
Certified . . . . 3.22 0.28 
SARM-4Found" . . . . 10.85 7.40 
RSDf . . . . 1.0 1.2 
Corrected . . 10.85 7.40 
Certified . . . . 11.50 7.50 
BCR-1 Found* . . , . 7.12 3.53 
RSDf . . . . 1.1 1.4 
Corrected . . 7.12 3.53 
Certified . . . . 6.97 3.48 
BHVO-]Found* . . . . 10.65 6.87 
RSD: . . . . 0.8 1.1 
Corrected . . 10.65 6.87 
Certified . . . . 11.40 7.211 
RGM-1 Found* . . . . 1.12 0.27 
RSDf . . . . 0.9 1.6 
Corrected . . 1.12 0.27 
Certified . . . . 1.17 0.28 
A1203 Fe203 
11.83 1.99 
1.2 0.7 
11.83 1.99 
12.08 2.00 
17.52 1.51 
1.2 0.9 
17.52 1.51 
17.34 1.40 
13.48 9.37 
1.5 0.7 
13.38 9.37 
13.64 9.91 
16.58 8.46 
1.0 1.2 
16.58 8.46 
16.50 8.97 
13.95 13.2 
1.0 1.1 
13.95 13.2 
13.72 13.4 
13.84 11.8 
0.6 0.4 
13.84 11.8 
13.70 12.0 
13.85 1.95 
1.0 0.5 
13.85 1.95 
13.80 1.Y0 
TiO? 
541 : 
0.3 
541: 
540: 
0.7 
254: 
254: 
265$ 
0.46 
0.3 
0.46 
0.48 
1140t 
1.1 
1140: 
1199: 
2.25 
0.4 
2.25 
2.26 
2.67 
0.3 
2.67 
2.70 
0.26 
0.3 
0.26 
0.27 
MnO 
174: 
1 .0 
163: 
160: 
90: 
1.3 
81: 
80$ 
0.80 
0.3 
0.76 
0.77 
1550$ 
2.1 
1380: 
1394: 
0.189 
0.5 
0.182 
0.180 
0.178 
0.5 
0.170 
0.170 
0.037 
0.6 
0.037 
0.040 
P205 Ba 
261: 118 
3.7 0.7 
254: 118 
NRS: 120 
0.21 0.287 
1.9 0.3 
0.13 0.287 
0.12 0.277 
619f 333 
271f 433 
260f 450 
450: 98 
136: 98 
130: 102 
0.47 678 
2.1 0.4 
0.35 678 
0.36 680 
0.38 131 
2.3 1.1 
0.30 131 
0.28 130 
0.106 696 
2.5 0.3 
0.06 696 
NRO 705 
4.2 0.5 
4.0 1.3 
Cr 
33 
15 
12 
67 
10 
12 
184 
15 
IOi/ 
370 
32 
30 
359 
18 
15 
759 
300 
320 
43 
5.0 
4 
3 
3.2 
3.0 
4.3 
3.2 
3.6 
2.3 
c u  
20 
13 
12 
26 
15 
19 
63 
10 
13 
27 
15 
14 
188 
15 
16 
333 
120 
135 
35 
10 
11 
4.6 
4.5 
4.8 
5.3 
4.8 
2.8 
5.2 
Ni 
4 
7.6 
4 
8 
10 
7 3  
10 
15 
6.9 
15 
NR9 
120 
1.5 
120 
120 
13 
13 
1 0 
137 
137 
140 
6 
7.6 
6 
6 
71 I 
7.9 
1.7 
Pb Sr V 
175 10 59 
43 10 6 
199 57 67 
6 5  1 9  4 2  
10 57 13 
51 62 10 
400 4260 430 
5 4  0 5  3 4  
50 4260 77 
43 4567 81 
190 269 360 
10 260 215 
NR 260 220 
359 314 700 
20 314 410 
13 330 420 
222 380 610 
6 0  0 4  2.2 
10 380 300 
6 2 3  460- 326 
156 87 74 
5 5  0 6  3 4  
23 87 13 
6 2  4 9  5 3  
40 10 211 
6 3  0 5  2 5  
5 7  0 4  2 1  
21 100 15 
Zn 
52 
50 
50 
12 
10 
10 
409 
402 
395 
75 
66 
68 
138 
122 
120 
112 
1.2 
103 
102.6 
37 
1.8 
33 
22 
1.3 
4.8 
0.6 
1 .0 
1.5 
Zr 
296 
296 
300 
20 
20 
33 
11100 
11 100 
1 1026 
26 
26 
23 
200 
200 
1 90 
150 
I50 
145 
212 
212 
240 
0.5 
4.6 
0.6 
3.0 
1 .o 
0.7 
0.5 
* Found value is without correction 
f RSD = '/o relative standard deviation ( 1 2  = 3).  
f l g  g- 1 of element. 
§ NR = Not reported. 
7 % Barium oxide. 
I /  Not certified. 
large errors in the sensitivity coefficients of the trace elements. 
The probable sources of these errors are the low responses for 
the amounts added and the subtractions involved in the 
GSAM calculation. After comparing the K-matrices obtained 
for different basalt samples, no significant variations were 
observed in the resulting sensitivity coefficients. Therefore, 
the GSAM procedure can be applied to the first sample in 
order to obtain the K-matrix and this matrix can correct 
interferences on the initial response of other samples. This 
approach can be used for the routine analysis of similar 
samples with a considerable increase in the sampling rate. 
However, if some parameter is changed or the analytical work 
is interrupted, review and update of the calibration set are 
recommended. 
The reference materials from the USGS and from SABS 
were dissolved in triplicate and analysed with and without the 
interference correction proposed. Table 4 shows that the 
interferences are minimised when the K-matrix correction is 
applied. In Table 4 it can be observed that the results for Sr, 
Zr, Ni and Ba are free from interferences and can be 
accurately determined without applying the K-matrix correc- 
tion. 
Conclusion 
It can be concluded that the operating conditions of the ICP 
and the experimental design are the main factors affecting the 
calibration scheme. The K-matrix reflects the compromise 
operating conditions for the set of wavelengths used. Con- 
sidering the different behaviours of the ion and atom lines in 
order to attain the best signal to background ratio,l5 the 
matrix obtained for 19 elements presents a condition number 
greater than that reported previously.12 The flow system 
provides the facilities for application of the GSAM permitting 
120 additions per hour, with good precision and very low 
sample consumption. Further, this system avoids the cumber- 
some and tedious manipulations of glassware. 
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